Levamisole is an antihelminth drug and a common cocaine contaminant, present in an estimated 71% of cocaine samples in the US. Levamisole-contaminated cocaine has been linked to an ANCA-associated vasculitis with cutaneous, renal, and pulmonary manifestations. We report the case of a 46 year old woman with known cocaine exposure who presents with recurrent, large purpuric and maculopapular rash of the extremities and face and review existing cases of levamisole/cocaine-associated ANCA vasculitis, We summarize the clinical presentation, treatment, and outcomes of levamisole induced vasculitis. There is emerging research on pathogenesis relating to neutrophil extracellular traps (NETs). We review studies implicating role of NETs in the pathogenesis of levamisole induced vasculitis. Further research to explore the use of NETs as therapeutic targets in drug induced vasculitis is needed.
Introduction
Levamisole is an anthelminthic drug with immunostimulatory properties. Historically when used therapeutically, it has been shown to cause agranulocytosis, particularly neutropenia, liver toxicity, gastrointestinal distress, and vasculitic purpura and necrosis of the ears [1] . Since the 2000s, levamisole has been shown to be a popular contaminant in cocaine. According to the Drug Enforcement Administration (DEA)'s Cocaine Signature Program data, by 2009, approximately 71% of tested cocaine samples in the US contained levamisole. Concurrently, increasing cases of levamisolerelated adverse events, particularly agranulocytosis and vasculitis, have been reported among cocaine users [2] . Cocaine itself is also associated with autoimmunity formation, and it is conceivable that exposure to both drugs may be contributing to these diseases. There is emerging data on the role of neutrophil extracellular traps (NETs) in the pathogenesis of levamisole induced vasculitis. In this review, we discuss a case with clinical characteristics of levamisole induced cutaneous vasculitis and provide a literature review and recent updates on pathogenesis of levamisole induced vasculitis.
Case presentation
The patient is a 46 year old woman with a history of polysubstance abuse, suspected rheumatoid arthritis, asthma, and untreated hepatitis C who presented to the ED with a painful hemorrhagic rash. The rash began 4 days prior to admission as tender erythematous patches on both thighs, then turned deep purple and became blood-filled bullae. She also reported diffuse arthralgias and epigastric pain, but no fevers, chills, or additional constitutional symptoms. Notably, two years prior, she had had a similar but milder presentation after cocaine exposure at an outside hospital, where she improved with pulse steroids. She denied drug use, but urine toxicology was positive for cocaine and cannabinoids. Physical exam was notable for 25 × 15 cm palpable purpura on the anterior surfaces of bilateral thighs, with focal areas of blistering and skin tearing (Figures 1 and 2 ). There were also smaller lesions on the right lateral shin and dorsal surfaces of bilateral hands (Figure 1 ). She was hypotensive on presentation and was admitted to the MICU for concern for Stevens Johnson Syndrome. Admission labs were notable for a normocytic anemia of 8.9 with a white blood cell count of 3.69 with an absolute lymphocyte count of 920 and normal platelet count. Serum creatinine was 1.9 mg/dL (last known value was 1.0 mg/dL 7 years prior). ANA titer was 1:80. P-ANCA was positive; C-ANCA was negative. MPO ELISA was positive. C3 and C4 were both decreased at 42 and 7 mg/dL respectively (ref: . Cardiolipin IgM was positive at 42 mpl units (ref < 20) and IgG and IgA were negative. RF and Ro, La, SCL-70, RNP, smith antibodies were all negative. Cryofibrinogen screen was negative, as was an extended infectious work up. She was diagnosed with levamisole induced cutaneous vasculitis. Due to the extent of her wounds, she was transferred to the Burn Wound Unit and later received debridement, excision and grafting of her lower extremity wounds. Medically, she received prednisone, wound care, and pain management with good recovery; her AKI resolved with fluids. She declined biopsy at this visit. One year later, she presented again with purpura and bullae of the hands and feet, as well as a reticulo-papular rash affecting bilateral arms and posterior thighs and ulceration of the lip and tongue. During this hospitalization she received a punch biopsy of a lesion on her right wrist, which showed small vessel necrotizing leukocytoclastic vasculitis (Figures 4  and 5 ). Although testing for levamisole was not performed, based on the clinical presentation, serology and skin pathology, a diagnosis of levamisole adulterated cocaine vasculitis was made. She was treated with stress dose methylprednisolone and transitioned to oral prednisone dose of 20mg per day, in addition to wound care. She recovered and was discharged with plan to taper her prednisone.
Discussion and review of the literature
Our case highlights the classic presentation of levamisole induced cutaneous vasculitis which is characterized clinically by vasculitic skin rash and serologically by positive ANA, anti-cardiolipin antibody and MPO ANCA in the setting of active cocaine use. Our patient responded to corticosteroids. We provide a literature review of levamisole induced vasculitis and discuss recent studies that provide insight into the pathogenesis of levamisole induced vasculitis.
Initial diagnosis and differential
The most common initial presentation of levamisole/ cocaine-associated vasculitis is purpura, for which there is a broad differential. In the acute setting, it is particularly important to exclude other absolute emergencies such as meningococcal sepsis, thrombotic disorders (e.g., disseminated intravascular coagulation, thrombotic thrombocytopenic purpura, warfarininduced necrosis, antiphospholipid syndrome, and others) and embolic disease, hematologic malignancies, paraproteinemias, Stevens Johnson Syndrome, etc. Once the differential has been narrowed and vasculitis is suspected, tests for autoantibodies, particularly ANCAs, should be performed. Fundamentally the diagnosis is histopathologic, usually through skin or renal biopsy demonstrating small vessel vasculitis. As a small vessel vasculitis, the disease mimics its cousins in this class, particularly the ANCA-associated vasculitides, such as granulomatosis with polyangiitis, eosinophilic granulomatosis with polyangiitis, and microscopic polyangiitis. Differentiation from these other diseases is based on a history of active cocaine use, especially if a temporal relationship can be established with flares, although this is difficult given most patients continue to use cocaine regularly.
Clinical presentation of levamisole adulterated cocaine associated vasculitis
In the last few years, many cases of levamisole/ cocaine-associated vasculitis have been reported. Over 90% of reported cases present with various cutaneous manifestations, including most commonly purpura, as well as necrosis, abscesses, and bullae [3, 4] . The classic skin rash is retiform purpura which consists of branching purpuric lesions caused by blockage of blood flow in the dermal and subcutaneous vasculature. A classic association is purpura of the ears (Figure 3 ), but the most commonly affected are the lower extremities (Figure 2) . In addition to cutaneous findings, arthralgias (31% −83%) and constitutional symptoms (72%) including fever, night sweats, and weight loss are common [5, 6] .
Renal manifestations affect a minority of patients, but have been consistently reported. In McGrath's series of 30 patients, 8 had abnormal urine dipsticks, of whom 2 had severe renal impairment [5] . In a 2017 review, Neel et al discussed 17 cases of biopsy-proven pauci-immune glomerulonephritis linked to levamisole/cocaine exposure, spanning 2011-2017 [7] .
Relatively few patients present with pulmonary disease. A 2011 case series of 5 patients described pulmonary involvement in 3 patients, including bronchitis and bronchiolitis, desquamating interstitial pneumonia and hypersensitivity pneumonitis, and subcentimeter pulmonary nodules [8] . In the series described by McGrath et al, three of thirty patients had pulmonary hemorrhage [5] . No patients in either of the above case series presented with known concomitant pulmonary and renal disease. Carlson et al reported a patient with alveolar hemorrhage and glomerulonephritis who went on to remain dialysis dependent despite aggressive immunosuppressive therapy [9] .
Laboratory findings
The vast majority of patients are positive for p-ANCA (88% -100%) and MPO (66% -100%) [5, 6] . A large subset (50% in McGrath et al) are also PR3 positive; indeed in the review by Gulati et al. of 61 patients with levamisole-induced vasculitis, 66% were PR3 positive compared to only 56% MPO positive, t [3, 5] . In the review by Neel et al. of 17 patients with biopsy-proven pauci-immune GN, 16 patients were positive for anti-MPO and one was not reported, and a similar 50% were positive for PR3 [7] . Autoantibody to other neutrophil antigens like elastase has been described. Neutrophil elastase shares epitopes with PR3 and may account for the false positive PR3 ANCA due to cross reactivity (ref 9). This dual positivity for PR3 ANCA and MPO ANCA is a characteristic feature of drug induced vasculitis. In addition, patients are often positive for other autoantigens, including ANA, lupus anticoagulant, anticardiolipin, anti-dsDNA, and others. Complement levels are low in some patients. Levamisole detection is not routinely performed in samples and is difficult with standard techniques due to short plasma halflife. Reports of detecting levamisole using liquid chromatography/mass spectrometry and using hair analysis have been described in the literature.
Treatment and outcome
Reported treatment for levamisole vasculitis varies by clinical presentation. In the case series by Pearson et al, which mostly comprised of patients with cutaneous findings and no known end-organ damage, 60% of patients who improved were treated with systemic corticosteroids and 40% were treated with wound care and antibiotics when appropriate. The authors noted their data did not support that steroids improved the disease course, but that perhaps were justifiable in cases of 'striking' inflammation [6] . Similarly, in the mostly cutaneous cases reviewed by Gulati et al, 43% were treated with immunosuppressants and 57% were not, and lesions resolved with drug discontinuation alone. Authors noted that cocaine continuation was associated with 44% relapse [3] . The decision of whether or not to use immunosuppression is an important one given that many patients present with concomitant neutropenia.
In cases with organ failure, immunosuppression is the mainstay of treatment. We identified 22 cases of levamisole-associated biopsy-proven pauciimmune glomerulonephritis, including 18 mentioned in the review of Neel et al, and several other recent cases [3] [4] [5] 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . 21 of 22 cases received immunosuppressive therapy; the remaining patient was anuric and received urgent HD. Of 20 cases whose frontline therapy was specified, 13 received corticosteroids with cyclophosphamide, 3 received corticosteroids with rituximab, 3 received corticosteroids alone and 1 received cyclophosphamide alone. 4 of the 20 patients also received plasmapheresis due to severity of disease. When specified, the vast majority of patients continued on oral prednisone with or without taper at discharge, with a few converting to azathioprine. Follow-up was sparse, but of 21 cases for whom outpatient follow up was available, 15 improved or had stable disease, while 6 were dialysis dependent. The median presenting creatinine was 11.05 mg/dL (range 6.6 to 20.83) for these 6 patients who went on to become dialysis dependent, and 3.25 mg/dL (range 0.8 to 7.09) for the 13 stable/improved patients for whom it was available. The majority of patients continued to use cocaine. Treatment is similar for pulmonary involvement; in cases of alveolar hemorrhage plasmapheresis may be indicated [3] [4] [5] 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Pathophysiology
The exact mechanism behind the development of ANCAs remains under investigation. Under normal circumstances, the target antigens of ANCAs -most commonly myeloperoxidase (MPO) and serine proteinase 3 (PR3) are contained within cytoplasmic granules of neutrophils and thus have limited exposure to the immune system. Over the last decade, neutrophil extracellular traps (NETs) have been under increasing scrutiny as an important part of the pathogenesis of not only ANCA-associated vasculitis, but other autoimmune diseases including systemic lupus erythematosus, psoriasis, rheumatoid arthritis and chronic lung disease [22, 23] . In a unique process of programmed cell death, activated neutrophils extrude NETs containing dsDNA, histones as well as granule contents such as MPO, PR3, elastase, cathepsin G, lactoferrin, and other proteins [24] . It has been suggested that the NETosis process both generates and is induced by ANCAs.
NETs were initially reported in biopsies of renal glomeruli of AAV patients and have been found also in skin lesions in subsequent studies [25, 26] . In addition, it has been shown that patients with AAV have higher levels of circulating NETs as well as certain components of NETs, although the extent to which these levels correlate with disease activity remains under investigation [27, 28] . NETs are implicated in inflammation in a variety of ways. They are shown to induce direct endothelial damage. They activate the alternative complement pathway. They are a major component of thrombi and are hypothesized to provide structural support to thrombi formation as well as activate the coagulation cascade in history-and tissue-factor-dependent manners, among other mechanisms [29] [30] [31] . The relationship between NETosis and ANCAs appear to be bidirectional. It has been shown that NET components, particularly relevantly MPO and PR3, induce ANCA and autoimmunity in mice [24, 32] . On the other hand, ANCA IgGs, immune complexes, and sera from AAV patients have been shown to induce NETosis, suggesting a vicious cycle [32] .
Focusing particularly on levamisole/cocaine associated vasculitis, Lood et al. showed that both cocaine and levamisole could induce in vitro release of NETassociated neutrophil elastase, a known ANCA antigen in cocaine users, in neutrophils obtained from healthy donors. They also showed that IgG from individuals with levamisole/cocaine-associated vasculitis potentiate this drug-induced NETosis and bound to NET-released elastase [33] . Carmona-Rivera et al further investigated the mechanism underlying this process, showing that levamisole-induced NETosis was dependent on M3 muscarinic receptors as well as the activation of NOX, Akt, and RAF/MEK/ERK pathways. In addition, NET directed antibodies were found in the sera of patients using levamisole-contaminated cocaine with or without clinical symptoms of vasculitis, and NET formation was identified in affected tissue of skin biopsies of patients with levamisole/cocaine-associated vasculitis [34] . Similar studies demonstrating drug-induced NET structural impairment and subsequent ANCA production and symptom induction have also been performed for propylthiouracil, another medication known for MPO ANCA-associated vasculitis [35] . NETs are being explored as potential therapeutic targets and several approaches are now being used to block the effects of NETs on vascular damage in experimental models [32] .
Conclusion
Levamisole/cocaine-induced vasculitis has become an increasingly well-recognized disease entity over the last decade. Here, we presented a classic case with prominent, recurrent cutaneous manifestations and reviewed the literature to date, including emerging research on the role of NETosis in the pathogenesis of this condition.
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